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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program represents a
systematic effort to study a number of the Nation’s most important aquifer
systems, which, in aggregate, underlie much of the country and which repre-
sent an important component of the Nation’s total water supply. In general,
the boundaries of these studies are identified by the hydrologic extent of each
system and, accordingly, transcend the political subdivisions to which investi-
gations have often arbitrarily been limited in the past. The broad objective for
each study is to assemble geologic, hydrologic, and geochemical information;
to analyze and develop an understanding of the system; and to develop predic-
tive capabilities that will contribute to the effective management of the
system. The use of computer simulation is an important element of the RASA
studies to develop an understanding of the natural, undisturbed hydrologic
system and the changes brought about in it by human activities, and to pro-
vide a means of predicting the regional effects of future pumping or other
stresses.

The final interpretive results of the RASA Program are presented in a
series of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number
beginning with Professional Paper 1400.

Charles G. Groat
Director
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SUMMARY OF THE COLUMBIA PLATEAU
REGIONAL AQUIFER-SYSTEM ANALYSIS,
WASHINGTON, OREGON, AND IDAHO

By J.J. VACCARO

ABSTRACT

In 1982, the U.S. Geological Survey began a study of the Columbia
Plateau aquifer system as part of its Regional Aquifer-System Analysis
program. This report summarizes the results of the Columbia Plateau
Regional Aquifer-System Analysis.

The study area, for which most of the physiographic, climatic, cul-
tural, economic, and geologic information were presented in a series of
reports, covers about 50,600 square miles of the 63,200 square miles
underlain by the Columbia River Basalt Group. The study area for the
hydrologic analysis covers about 32,700 square miles of the study area.

The Columbia Plateau aquifer system includes, from youngest to
oldest: (1) the overburden, a collective term used in this study for all
materials overlying the Columbia River Basalt Group; (2) a minor
amount of sediment interlayered with the basalt; and (3) a large thick-
ness of basalt belonging to the Columbia River Basalt Group, which is
the most extensive and hydrologically important geologic unit in the
aquifer system. This unit consists of five formations; the Saddle Moun-
tains, Wanapum, and Grande Ronde Basalts are the principal forma-
tions of the aquifer system. Prebasalt rocks that underlie the plateau
are the lower boundary to the aquifer system. The basaltic lavas make
up more than 99 percent of the volume of the aquifer system. These
basalts have an average thickness of 3,300 feet and an estimated maxi-
mum thickness of about 16,000 feet.

The aquifer system has been divided into three confining units and
four aquifer units. The three confining units are the Saddle Mountains-
Wanapum interbed, the Wanapum-Grande Ronde interbed, and the
prebasalt rocks. The four aquifer units are the overburden aquifer, the
Saddle Mountains unit, the Wanapum unit, and the Grande Ronde
unit.

The overburden materials consist of fluvial consolidated to uncon-
solidated deposits of lacustrine, volcanic, and eolian origin whose
lithology ranges from clay to gravels and shale to conglomerate. Most
of these deposits generally have a much larger hydraulic conductivity
than the basalts and, where saturated, make up a water-table aquifer
called the overburden aquifer.

The Saddle Mountains Basalt constitutes less than 2 percent of the
volume of the basalts, and, depending on geographic location, it over-
lies the Saddle Mountains-Wanapum interbed, the Wanapum Basalt, or
the Grande Ronde Basalt. The Saddle Mountains Basalt and its interca-
lated sediments is called the Saddle Mountains unit.

A sedimentary interbed, the Saddle Mountains-Wanapum inter-
bed, is commonly present between the Wanapum Basalt and the over-
lying Saddle Mountains Basalt and is considered a confining unit for
this study. The Wanapum Basalt and its intercalated sediments (called

the Wanapum unit) range in thickness from 0 to 1,300 feet and compose
about 6 percent of the volume of the basalts.

A sedimentary interbed, the Wanapum-Grande Ronde interbed,
underlies part of the Wanapum Basalt and overlies part of the Grande
Ronde Basalt. This unit is considered a confining unit for this study.
The Grande Ronde Basalt underlies most of the plateau and constitutes
more than 85 percent of the volume of the basalts. This formation and,
its intercalated sediments is called the Grande Ronde unit. For model-
ing and descriptive purposes, this unit has been divided into the upper
and lower Grande Ronde. The prebasalt "basement” rocks are consid-
ered the base of the regional flow system and are called the basement
confining unit.

For the overburden aquifer, lateral hydraulic conductivity values
derived from specific-capacity data range from 2.9x107 to 1.7x107! foot
per second, and regional values derived from the ground-water flow
model range from 5.0x1077 to 1.3x1072 foot per second. Lateral hydrau-
lic conductivity values derived from specific-capacity data for the
basalt units range from 5.8x107® to 6.1x1072 foot per second and values
from the ground-water model range from 1.0x107® to 1.0x107 foot per
second. Model-derived vertical hydraulic conductance values range
from 4.5x107'3 to 1.0x1075 foot per second per foot. Estimates of vertical
hydraulic conductivity were calculated using the vertical hydraulic
conductance values and thickness of units. The estimated median
value of the vertical hydraulic conductivity of the overburden a%uifer
is about 2.1x10™ foot per second, and of the basalt, about 1.5x107° foot
per second. Calculated ground-water velocities range from 10~ t0 20
feet per day. The median velocity in the overburden aquifer is about 2
feet per day, and in the basalt units about 0.2 foot per day.

Ground-water movement in the overburden aquifer is from
uplands to discharge points along stream courses. The potentiometric
surface in the basalt units, where they are not overlain by younger
units, roughly parallels the land surface, and movement of water is
toward surface-drainage features. The water movement in the basalt
units also follows the regional dip of the basalt, and in structurally
complex areas the water moves downward from the axis of anticlines
toward structural lows in synclines. Water in the uppermost basalt
flow is unconfined and becomes semiconfined-to-confined with depth.
Over most of the plateau, the vertical component of flow is generally
downward, except in the proximity of discharge areas.

The long-term estimate of recharge for predevelopment (1850's)
conditions is about 6,566 cubic feet per second (4,750,000 acre-feet or
2.72 inches per year) and for current (1980's) conditions is about 10,205
cubic feet per second (7,385,000 acre-feet or 4.24 inches per year). Dis-
charge from the ground-water system, excluding pumpage, is mainly
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to surface-water features and to springs and seeps along canyon and
coulee walls.

Ground-water pumpage for the Columbia Plateau was about
56,000 acre-feet in 1945, 178,000 acre-feet in 1960, and increased to a
peak of about 940,000 acre-feet by 1979. About 828,278 acre-feet of
water was pumped from the aquifer system in 1984 from an estimated
3,500 high-capacity wells. Between 85 and 90 percent of the pumped
water was used to irrigate nearly 500,000 acres.

Water levels have risen to near land surface under about 1.2 mil-
lion irrigated acres due to the application and infiltration of surface
water. The largest rises are in the Columbia Basin Irrigation Project,
where rises have exceeded 300 feet. Water-level declines resulting from
ground-water pumping for irrigation began in the 1960's. The declines
continue today and have exceeded 200 feet in some parts of the central
plateau.

A ground-water flow model was constructed for predevelopment
and current land-use conditions. Regional flow for current land-use
conditions was simulated by using a time-averaged approach. Simula-
tion indicates that from predevelopment to current conditions,
recharge has increased about 3,640 cubic feet per second because of
surface-water irrigation. An additional 187 cubic feet per second of
water was obtained from loss in aquifer storage during 1983-85. The
increase has been balanced by an increase in leakage to rivers (1,050
cubic feet per second), leakage to drains (1,650 cubic feet per second),
and ground-water pumpage (1,135 cubic feet per second). Most of the
increase in recharge enters the overburden aquifer (3,083 cubic feet per
second).

The changes in distribution and rates of recharge and pumpage
through time have caused changes in water levels. The median water-
level rise in the overburden aquifer has been about 12 feet, which has
resulted in the saturation of about 32 cubic miles of sediments (an
increase of water in storage of about 10 million acre-feet) throughout
an additional area of about 1,600 square miles. Declines in the overbur-
den have been local and small. There has been a median rise of about
20 feet (average of 65 feet) in the Saddle Mountains unit, which has sat-
urated about 23 cubic miles of the unit (an increase of water in storage
of about 1.6 million acre-feet) throughout an additional area of about
839 square miles. Water-level declines have been relatively small and
local. Water levels in the Wanapum unit have risen more than 300 feet,
with a median of 10 feet. Declines in the Wanapum unit range from 1 to
more than 200 feet and the median is about 9 feet. The largest declines
have been in the central part of the plateau in Washington; on the
southern slope of Horse Heaven Hills; near Umatilla, Oreg.; and in the
Walla Walla River basin. In the upper Grande Ronde, water-level rises
have a median of about 14 feet, and declines a median of about 6 feet.
The water-level changes in this unit have been in excess of 200 feet in
some locations. The largest rises have occurred in the Quincy basin as a
result of surface-water irrigation, and the largest declines have been in
the central plateau in Washington and near Umatilla, Oreg.

The model was used to simulate the long-term changes in the
regional flow system resulting from continuation of current (1980's)
water-development practices. Under these practices, the overburden
aquifer generally would be unaffected, and the basalt aquifers would
experience declines generally less than 200 feet. The effects would be
largest in the Wanapum unit, where declines would extend over 400
square miles, and next largest in the Saddle Mountains unit. Declines
in the Grande Ronde unit would not be as large or as widespread and
generally would be less than 75 feet. The areas most affected would be
in the central plateau in Washington; near Butter Creek, Oreg.; and on
the Horse Heaven Hills. Additionally, parts of the Saddle Mountains
unit and Wanapum unit may desaturate.

Four simulations were done to estimate the effects of the proposed
expansion of the Federal Columbia Basin Irrigation Project, which
receives water from the Columbia River. For each of the two phases of
the proposed expansion, pumpage was held constant at 1984-85 rates,
and pumpage was reduced proportionately according to expansion
area. Water-level rises of more than 200 feet would occur in part of the
aquifer system underlying and adjacent to the expansion area. Addi-

tional recharge to the aquifer system resulting from the infiltration of
the applied surface water was estimated to be about 974 cubic feet per
second. The expansion would result in resaturation of areas that were
calculated to become desaturated under current water-development
practices. Significant rises would cover a broad area extending over
some 600 square miles. The study unit most affected by the expansion
would be the Wanapum unit. Water levels over a broad area would be
near or at land surface under this management strategy, and thus a
regional drain system probably would be needed.

Ground water in the basalt units is generally of good quality and
suitable for most uses. The dominant water type in the three basalt
units is calcjum magnesium bicarbonate; sodium bicarbonate is the
next most prevalent type, and calcium magnesium sulfate chloride is
the least prevalent type. Sodium bicarbonate waters typically are in
deeper downgradient locations, indicating that sodium concentrations
in the ground water increase with ground-water residence time. Nitro-
gen concentrations greater than 2.0 milligrams per liter are found in
water in basalt in areas where the overburden aquifer is thin and where
surface water is used for irrigation. Concentrations of nitrogen greater
than 10 milligrams per liter have been found in water from the over-
burden aquifer in areas of surface-water irrigation.

INTRODUCTION

The Columbia Plateau aquifer system is located in
the Columbia Plateau of central and eastern Washing-
ton, north-central and eastern Oregon, and a small part
of northwestern Idaho (fig. 1). The aquifer system
underlies an area of about 50,600 :miz, and consists of a
large thickness of Miocene basalt of the Columbia River
Basalt Group, small thicknesses of Miocene sedimen-
tary rocks interlayered with the basalt, and Miocene to
Holocene sedimentary deposits overlying the basalt.
The aquifer system is the major source of water for
municipal, industrial, domestic, and irrigation uses.
Concurrent with ground-water use, imported surface
water is used for irrigation in several areas of the pla-
teau. There are about 1.7 million acres of irrigated crop-
lands and about 7.5 million acres of nonirrigated
croplands on the Columbia Plateau. About 1.2 million
acres of the irrigated croplands are irrigated using sur-
face water and about 0.5 million acres are irrigated
using ground water.

An estimated 1.5 million acres of rangeland could be
cropped profitably if water supplies were available, and
an additional 2.0 million acres of nonirrigated cropland
could be converted to larger yield crops if water were
available for irrigation. Conversely, the decline in water
levels in much of the area of ground-water withdrawal
threatens the continuation of the ground-water irriga-
tion.

PURPOSE AND SCOPE

The U.S. Geological Survey initiated a Regional
Aquifer-System Analysis (RASA) program in 1978 in
response to congressional concerns about the availabil-
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Overburden is a composite unit of all rock materials
50 ft or greater in thickness that overlie the Columbia
River Basalt Group, and is an important source of
ground water. The thickness of the overburden ranges
from 50 to more than 2,000 ft, and the thickest deposits
occur in structural basins and in areas adjacent to the
Cascade Range.

The overburden includes fluvial consolidated to
unconsolidated deposits of lacustrine, volcanic, and
eolian origin ranging from Miocene to Holocene age.
The sediments and sedimentary rocks from the many
different formations across the plateau are lithologically
diverse, ranging from clay to gravels and shale to con-
glomerate. In Oregon, several of the major formations
within the overburden have been named The Dalles
Group by Farooqui and others (1981). Other major for-
mations composing the overburden are the Ellensburg,
Latah, Ringold, and Palouse.

Sedimentary deposits belonging to the Ellensburg
Formation are interbedded with the basalt and also
overlie it in the western and central parts of the plateau.
They consist of weakly lithified fluvial sand and gravel
with some lahars and sand, silt, and clay.

In the northeastern part of the plateau and within
the Spokane River drainage, beds of the Latah Forma-
tion are interbedded with and overlie the basalt. These
sediments consist mostly of finely laminated siltstone
with some claystone, the composition of which reflects
the pre-Columbia River Basalt granitic and metamor-
phic basement rocks of the region.

In the Walla Walla River, Quincy, and Pasco basins,
the sediments overlying the basalt are part of the Rin-
gold Formation. The Miocene-Pliocene Ringold Forma-
tion includes sediments of both fluvial and lacustrine
origin. It is at least 500 ft thick in these basins and con-
sists predominantly of fine sand and silt, but sometimes
includes a gravel-and-conglomerate facies.

Structural basins on the plateau margin south of the
Columbia River in Oregon contain sediments that over-
lie the basalt and are folded with it. The sediments con-
sist of coarse- to fine-grained fluvial deposits, lahars,
and volcaniclastic materials that reflect source areas in
the nearby uplands on the plateau margin.

The Grande Ronde valley in northeastern Oregon is
a major graben, filled with more than 2,000 ft of fluvio-
lacustrine deposits, interfingering alluvial fan deposits,
and alluvial deposits.

The Cordilleran ice sheet that covered the northern
and northwestern parts of the plateau left extensive
deposits of till, stratified drift, and ice-contact materials,
especially in the northern and northwestern parts of the
plateau. Alpine glaciers from the Cascade Range and
the Wallowa Mountains also reached the plateau mar-
gin and left deposits.

REGIONAL AQUIFER-SYSTEM ANALYSIS—COLUMBIA PLATEAU

Catastrophic flooding of the Columbia Plateau took
place during late Pleistocene time when ice dams in
western Montana and northern Idaho were breached,
allowing enormous volumes of water to flood what is
now eastern and central Washington. Deposits formed
during the floods were poorly sorted, clast-supported,
and open-work gravels intermixed with sand and grav-
els. These flood-gravels were deposited by high-energy
flood currents in and along scabland channels, in depo-
sitional basins, and in the Columbia River east of The
Dalles. Slackwater deposits formed in peripheral areas
of basins in the central part of the plateau. Slackwater
deposits are interbedded silt and sand with a minor
amount of gravel and are known as the Touchet Beds
(Flint, 1938).

Eolian deposits of fine loess of Pleistocene age cover
much of the plateau and reach thicknesses of as much as
250 ft, but generally are much thinner. The thickest
deposits are found in the Palouse region in the eastern
part of the study area and are part of the Palouse For-
mation. At least four different ages of loess deposits are
present on the Columbia Plateau.

Unconsolidated alluvial deposits of Quaternary age
occur along most major streams and consist of gravel,
sand, silt, and clay. Dune-sand deposits of Quaternary
age, consisting predominately of fine to medium wind-
blown sand, are found in Oregon and in central Grant
County in Washington.

BASALT UNITS

The thickest, most extensive, and hydrologically
most important geologic unit in the Columbia Plateau
aquifer system is the Columbia River Basalt Group, a
unit that has been subdivided into five formations and
numerous members (fig. 3B). The five formations, from
oldest to youngest, are the Imnaha Basalt, Picture Gorge
Basalt, Grande Ronde Basalt, Wanapum Basalt, and the
Saddle Mountains Basalt. Of these, the principal forma-
tions in the Columbia Plateau aquifer system are part of
the Yakima Basalt Subgroup of the Columbia River
Basalt Group. The generalized occurrence of these three
formations is shown on figure 34, and the accompany-
ing diagram, figure 3B, lists the members within each
formation.

Imnaha and Picture Gorge Basalt

The Imnaha Basalt is found in northeastern Oregon
and adjacent Washington and Idaho, where it is
exposed chiefly in the valleys of the Imnaha, Snake,
Salmon, and Clearwater Rivers (fig. 3A). The Picture
Gorge Basalt is exposed only in north-central Oregon,
mostly within the John Day basin south of the Blue
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Mountains uplift, where it is locally interlayered with
Grande Ronde Basalt and is in part coeval with it.

The Imnaha and Picture Gorge Basalts are not con-
sidered important units in the regional aquifer system
because of their limited extent and their occurrence at
the edges of the plateau areas. In this study, the Picture
Gorge Basalt has not been distinguished from the rest of
the Columbia River Basalt Group and is included
within either the Grande Ronde Basalt or the undivided
category on plate figure 3A.

Grande Ronde Basalt

The Grande Ronde Basalt underlies most of the pla-
teau and pinches out at its margin. It is the most exten-
sive of the three major formations, constituting 85 to 88
percent of the total volume of the Columbia River Basalt
Group (Reidel, 1982; Tolan and others, 1987). The
Grande Ronde Basalt consists of perhaps as many as 131
individual flows (Tolan and others, 1987). Few drill
holes on the plateau penetrate the total basalt thickness;
thus, little is known about the complete thickness of the
Grande Ronde Basalt except at the edges of the plateau
where the basalts are relatively thin and pinch out
against older rocks. In the center of the plateau, the total
thickness of pre-Wanapum basalts exceeds 14,000 ft
(Drost and others, 1990).

Sedimentary interbeds within the Grande Ronde are
rare, generally only a few feet thick, and of limited lat-
eral extent. Where present, they vary in grain size from
clay to gravel. Interbeds apparently are more common
near the plateau margin.

The top of this formation is marked by a zone of
weathering and (or) a sedimentary interbed separating
it from the overlying Wanapum or Saddle Mountains
Basalts. Over most of the area, this sedimentary inter-
bed is the Vantage Member of the Ellensburg Forma-
tion; however, in the northeastern part of the plateau,
the sedimentary interbed in the same stratigraphic posi-
tion is assigned to the Latah Formation (Swanson and
others, 1979¢c). Minor nomenclature problems of this
type were avoided in this study by referring to the
interbeds according to their typical stratigraphic posi-
tion within the basalt; for example, the Wanapum-
Grande Ronde interbed. The Wanapum-Grande Ronde
interbed is most extensive and thickest in the northern
part of the plateau, where it ranges from 0 to 100 ft
locally, but averages about 25 ft (Drost and others,
1990). It consists chiefly of claystone and siltstone, with
minor sand and gravel and sandstone beds. It is thinner
to the south, and in the central plateau little is known
about its extent. A thin saprolite commonly marks the
interval in areas where the interbed is absent.

All

Wanapum Basalt

The Wanapum Basalt overlies the Grande Ronde
Basalt and is the second most voluminous and exten-
sive basalt formation in the Columbia River Basalt
Group. It composes about 6 percent of the total volume
of the basalts. Along part of the northeastern and east-
ern edge of the plateau, the Wanapum Basalt overlies
the prebasalt rock material. The Wanapum Basalt
includes about 33 separate basalt flows (Tolan and oth-
ers, 1987). Sedimentary interbeds are more abundant in
the Wanapum Basalt than in the Grande Ronde Basalt,
but generally are thin and localized.

The combined thickness of the Wanapum Basalt
flows and any interbedded sediments ranges between 0
and 1,300 ft, with the greatest thickness in the Pasco
basin. The Wanapum Basalt is exposed extensively or is
covered by a veneer of sedimentary deposits in the
northeastern and southern parts of the plateau. In the
central and western part, it is overlain by younger geo-
logic units.

A sedimentary interbed—the Saddle Mountains-
Wanapum interbed—is commonly present between the
Wanapum Basalt and the overlying Saddle Mountains
Basalt. This interbed is generally equivalent to the Bev-
erly Member of the Ellensburg Formation. The Saddle
Mountains- Wanapum interbed consists chiefly of clay,
silt, claystone, or siltstone. Lesser amounts of sand,
sand and gravel, and sandstone are reported; available
data do not indicate any pattern to the distribution of
these coarse-grained materials. Thickness of the Saddle
Mountains-Wanapum interbed averages about 50 ft, but
generally ranges between 0 and 200 ft (Drost and others,
1990).

Saddle Mountains Basalt

The Saddle Mountains Basalt, the youngest basalt
formation in the Columbia River Basalt Group, consists
of 10 members (Swanson and others, 1979d) and about
19 flows (Tolan and others, 1987). Of these members,
only three are regional in extent and, therefore, impor-
tant components of the regional aquifer system. The
Saddle Mountains Basalt constitutes less than 2 percent
of the total volume of the Columbia River Basalt Group.
The Saddle Mountains Basalt was extruded during a
period of accelerated tectonic activity, erosion, waning
volcanism, and deposition of sedimentary interbeds
between eruption periods of the major members. Each
of the major basalt members generally consists of only
one or two basalt flows. Depending on geographic loca-
tion, the Saddle Mountains Basalt overlies either the
Saddle Mountains-Wanapum interbed, the Wanapum
Basalt, or the Grande Ronde Basalt.
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The thickness of the Saddle Mountains Basalt flows,
together with any interbedded sediments, ranges from
0 to more than 800 ft. Maximum thickness occurs in the
Yakima valley and the area south of Hanford, Wash. In
one area in Oregon, the interbeds make up about 50 per-
cent of the total thickness; however, this is not the case
in most of the area.

STRUCTURAL FEATURES

Geologic structures within the plateau are diverse
and range from simple homoclines to sharp folds with
structural relief of up to several thousand feet. Major
faults generally are associated with anticlinal folds and
range from steep normal faults to low-angle reverse
faults. The structural complexity of the Columbia Pla-
teau (fig. 4) is indicated by the major geologic structures
(Drost and others, 1990). Complex structure is a major
geologic control on the movement of ground water
within the aquifer system.

The Palouse subprovince is structurally simple and
is underlain by basalt flows that dip less than 5 degrees
toward the southwest. Superimposed on the southwest-
erly dipping basalt are a few broad, open, northwest-
trending folds with amplitudes of only a few tens of
feet.

The dominant feature of the Yakima Fold Belt sub-
province is a series of narrow, asymmetrical anticlinal
ridges, east-west to northwesterly trending and east
and southeasterly plunging, that are generally sepa-
rated by broad, flat-floored synclinal valleys. From
south to north the most prominent anticlinal ridges are
the Columbia Hills, Horse Heaven Hills, Toppenish
Ridge, Ahtanum Ridge-Rattlesnake Hills, Yakima
Ridge, Umtanum Ridge, and Manastash Ridge.

In Oregon south of the Columbia Hills, the basalt
dips toward the axis of The Dalles-Umatilla syncline,
which roughly follows the south shore of the Columbia
River and forms a broad, asymmetrical synclinal basin.
The south limb of the syncline is formed by gently
north-dipping basalt that forms the north flank of the
Blue Mountains anticline. Pre-Columbia River Basalt
Group rocks that form the core of the Blue Mountains
are exposed in a few places.

The eastern part of the Blue Mountains subprovince
was the vent area for much of the Columbia River
Basalt Group flows. It is a rugged uplifted region con-
sisting of remnants of a plateau surface and deeply dis-
sected canyons with up to a few thousand feet of local
relief. The most prominent structural feature is the
broad-crested Blue Mountains anticline and a belt of
asymmetrical folds that diverge easterly from its north-
eastern end. The crestal area of the anticline is crossed
by numerous northwest-trending high-angle normal
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faults, as well as lineaments with no apparent displace-
ment.

Numerous linear, northwest-southeast-trending, en
echelon basalt feeder-dike complexes have been identi-
fied in the southeastern part of the plateau in both
Washington and Oregon. Similar dike complexes are
believed to be covered by younger basalt in these areas
and possibly elsewhere. Although they are not strictly a
geologic structure, their effects on the movement of
ground water are similar to those of some geologic
structures.

AQUIFER SYSTEM

The primary factors controlling the occurrence,
movement, availability, and quality of ground water in
the Columbia Plateau aquifer system are the hydrologic
characteristics of the geologic units underlying it, the
climate, and water-supply development practices. In
order to address these factors within such a complex
aquifer system, it was necessary to conceptualize and
relate the geologic and hydrologic frameworks into a
simpler system, or conceptual model. This concept then
provided a basis for investigating the hydraulic charac-
teristics, the ground-water recharge and discharge, and
ground-water chemistry, and for modeling the ground-
water flow in the regional aquifer system.

Most of the lowlands of the plateau are basins in
which the Columbia River Basalt Group is overlain by
sediments and sedimentary rocks. These rocks range
from shales and clays to conglomerate and gravel, but
generally are coarse grained and permeable in their
upper sections and finer grained and less permeable at
depth. They transmit water readily and constitute a
water-table aquifer where they are saturated. The aver-
age hydraulic conductivity can be several orders of
magnitude larger than that of the basalt. The sediments
and sedimentary rocks forming the overburden are con-
sidered a single unit, the overburden aquifer.

The movement of water through basalt is governed
by several factors related to the individual basalt flows.
These factors include the topographic surface over
which basalts flowed; the erosional processes that
occurred before, during, and after extrusion; presence
of water on the paleosurface; the deposition of inter-
beds; tectonic activity; and diagenetic processes. As a
result, basalt is an extremely heterogeneous aquifer unit
that transmits water most readily through the broken
vesicular and scoriaceous interflow zones that com-
monly make up 5 to 10 percent of the thickness of an
individual basalt flow. The interflow zones are sepa-
rated by the less transmissive and more coherent flow
centers consisting of the entablature and colonnade in



HYDROGEOLOGIC FRAMEWORK

which the fractures are more or less vertical. Lateral
ground-water movement in the entablature and colon-
nade is probably negligible when compared with the
volume of water that moves laterally through the inter-
flow zones. This is because movement of water in the
entablature and colonnade is controlled by fractures
and joint systems, whereas movement of water in the
interflow zones is controlled by primary features such
as flow breccia, clinkers, and vesicles. Vertical move-
ment of ground water between interflow zones is much
less per unit area than lateral movement, but is quite
large over the region. Vertical movement of ground
water varies because of the structure of individual lava
flows and the hydraulic characteristics of the interbeds.

The lithology of sedimentary interbeds between
basalt flows within a formation varies from shales to
sand and gravels. Except in the Saddle Mountains
Basalt, most interbeds within formations are of limited
extent. The interbeds between formations are fairly
extensive laterally, but are thin when compared with
basalt formations. These interbeds can be locally trans-
missive and function as aquifers, but in general they
probably impede vertical movement of water. Water-
level and well-log data suggest that the interbeds gener-
ally can be regarded as semiconfining to locally confin-
ing layers that transmit small quantities of water
laterally.

The conceptual ground-water model developed for
the study area divides the aquifer system into seven
hydrogeologic units--the overburden aquifer, three
aquifer units in the permeable basalt rock, two confin-
ing units, and the basement confining unit (see fig. 3B).
For the conceptual model, the three basalt aquifer units
are the Saddle Mountains, Wanapum, and Grande
Ronde Basalts and their intercalated sediments. In the
southeastern part of the study area, the Imnaha Basalt
and any intercalated sediments are included with the
Grande Ronde unit. These basalt units are distin-
guished from basalt formations by being referred to in
this study as "units"; for example, the Wanapum Basalt
and interbeds are referred to as the Wanapum unit. The
confining units are equivalent to the Saddle Mountains-
Wanapum and the Wanapum-Grande Ronde interbeds.
The basement confining unit consists of the prebasalt
"basement" rocks that generally have much lower per-
meabilities than the basalts and are considered the base
of the regional flow system.

The grouping of several overburden formations and
100 or more individual basalt flows (representing large
thicknesses) into a system of seven hydrogeologic units
greatly limits the conceptual and numerical model's
ability to deal with local phenomena. Part of this limita-
tion was met by further dividing the Grande Ronde unit
into an upper Grande Ronde and a lower Grande
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Ronde. The upper Grande Ronde was defined as about
the top 2,000 feet of the Grande Ronde unit. This divi-
sion facilitated numerical modeling of the system and
provided a better understanding and description of the
explored basalt system. Therefore, information is pre-
sented in places in the following sections for the upper
and lower Grande Ronde rather than the Grande Ronde
unit. Selected hydrogeologic information for the aquifer
system is presented in table 1.

HYDRAULIC CHARACTERISTICS

Estimates of the range and distribution of lateral
hydraulic conductivity, transmissivity, vertical hydrau-
lic conductance, specific yield, storage coefficient, and
stream-leakance coefficients were made for this study
because these estimates are required for understanding
the occurrence, movement, quality, and availability of
ground water. The lateral hydraulic conductivity ana-
lyzed in this study is a depth-integrated average value,
representative over a study-unit thickness. Similarly,
the vertical conductance represents the effective com-
bined vertical hydraulic conductivity of two units and
interbeds divided by a representative thickness.

Lateral hydraulic conductivity values for each study
unit initially were estimated from drillers' specific-
capacity data using the methods presented by Ferris
and others (1962) and by Theis (1963). In this method, a
vertically averaged lateral hydraulic conductivity for
the depth of well penetration is derived, and the value
includes the effects of the vertical movement of water.
That is, estimated lateral hydraulic conductivities repre-
sent the integrated effects of water moving both hori-
zontally and vertically through the entire open interval
of a well, including all parts of a lava flow or flows and
any intercalated sediments for the basalt units.

Initial estimates of lateral hydraulic conductivity of
the overburden aquifer derived from specific-capacity
tests were generally for basins. The values for the east-
ern part of the study area were represented by typical
values for loess, the dominant sediments. The specific-
capacity data were used in the ground-water model to
derive regional estimates, which range from about
2.9x107 to 1.7 ft/s and have a median lateral hydraulic
conductivity of about 2.8x107 ft/s. Fifty percent of the
values about the median lie in the range 5.2x107* to
1.2x1072 ft/s, and only 3 of the 871 values were greater
than 4.0x107! ft/s. The model-derived values range
from 5.0x107 to 1.3x107 ft/s and have a median of
about 5.0x107 ft/s. Table 2 presents some descriptive
statistics of the regional values derived from ground-
water modeling.
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TABLE 1.—Selected hydrogeologic information for the Columbia Plateau aquifer system

COLUMBIA RIVER BASALT GROUP

Volume 39,300 cubic miles

Areal extent 63,200 square miles

Areal extent within RASA Columbia Plateau study area 50,600 square miles

Areal extent within hydrologic study area 32,688 square miles

Study unit within hydrologic study area’
Saddle Grande
Overburden Mountains Wanapum Ronde
aquifer unit unit unit
Area saturated (square miles)
Predevelopment conditions 2,908 4,909 20,540 32,500
Current (1980's) conditions 4,509 5,748 20,540 32,500
Thickness (feet)
10th percentile 75 20 30 805
Median 190 370 530 3,000
90th percentile 570 710 1,000 8,085
Areal extent of outcrops (square miles)
Predevelopment conditions 2,908 3,041 14,745 11,984
Current (1980's) conditions 4,509 2,990 13,251 11,938
Volume (cubic miles)
Predevelopment conditions 137 339 1,700 23,950
Current (1980's) conditions 169 362 1,700 23,950
Area of water-level changes” (square miles)

Declines 110 340 7,450 8,460
Rises 2,850 3,210 3,930 8,340

1Based on data gridded for model grid system that is discussed later in this report.

2Model-calculated changes of more than 10 feet from predevelopment to current conditions. Calculated changes are described later in this report.

In general, aquifer tests of the cased wells in the
basalt yield site-specific values of hydraulic conductiv-
ity that are representative of a single zone. To obtain an
understanding of both the range in hydraulic conduc-
tivity values for the entire basalt sequence in the study
area and of the effects of geologic structures, numerous
aquifer tests in widely distributed cased wells would be
needed. This need could not be met because most wells
finished in the Columbia River Basalt Group are
uncased, aquifer-test data are sparse and inconsistent,
and there is a lack of information about the effects of
vertical leakage. Therefore, specific-capacity data were
used to estimate initial hydraulic conductivity values.
The estimated values, about a thousand for all three
basalt units, then were used in the ground-water flow
model to derive regional estimates.

Estimates derived from specific-capacity data for the
basalt values range from 5.8x107® to 6.1x1072 ft/s and
have a median of 5.9x107 ft/s. Seventy-five percent of
the lateral hydraulic conductivity values are less than
3.0x107* ft/s, and 75 percent are larger than 1.2x107 ft/
s. The Saddle Mountains, Wanapum, and Grande
Ronde units have median lateral hydraulic conductivity
values of 2.8x107%, 6.0x107°, and 5.7x107° ft/ s, respec-

tively. The smaller median hydraulic conductivity of the
Saddle Mountains unit is attributed to the thicker and
more numerous intercalated sedimentary interbeds,
generally lacking in the Wanapum and Grande Ronde
units. Model-derived values for the basalt units (table 2)
range from 1.0x107 to 1.0x107* ft/s. Median values for
the Saddle Mountains and Wanapum units are 1.6x107
and 3.0x107° ft/s, respectively. The model-derived
median lateral hydraulic conductivity is 1.6x107 ft/s
for the upper Grande Ronde and 1.4x107 ft/s for the
lower Grande Ronde.

The wide range in hydraulic conductivity reflects
the heterogeneous nature of the basalt. The largest cal-
culated hydraulic conductivity values are probably due
to local geologic structure, thickening of interflow
zones, thinning of individual lava flows, or to the pres-
ence of pillow lava complexes (Swanson, 1967) that
increase the hydraulic conductivity. Wells for which
many of these large values were estimated are close to
wells for which small hydraulic conductivity values
were estimated, demonstrating the localized occurrence
of these values. Observed physical variations in
exposed lava flows suggest that, within a single flow,
the lateral and vertical hydraulic conductivity values



HYDROGEOLOGIC FRAMEWORK

AlS5

TABLE 2.—Hydraulic characteristics of hydrogeologic units in the Columbia Plateau aquifer system, derived from the regional ground-water flow model

Lateral hydraulic conductivity, in feet per second

(values in parentheses derived from specific-capacity data)

Hydrogeologic unit Median. Mean Minimum Maximum
Overburden aquifer 4.98x10™ 1.14x10° 4.98x10” 1.27x10°
(2.78x10°%) (9.53x107) (2.86x107) (1.73x10°)
Saddle Mountains unit 1.62x10° 1.48x10° 1.97x10° 3.01x10°
(2.76x10°) (6.48x10°7) (8.12x107) (2.19x107)
Wanapum unit 3.01x10° 3.73x10° 1.01x10° 9.03x10°
(6.02x107) (7.60x10™) (8.12x10°) (6.07x107)
Grande Ronde unit
Upper Grande Ronde 1.61x10° 2.62x10° 1.50x10° 9.98x10°
(5.70x10™) (5.77x10° (5.78x10™) (2.92x107)
Lower Grande Ronde 1.45x10°7 2.30x10° 1.10x10° 7.44x10°
Transmissivity, in feet squared per second
Hydrogeologic unit Median Mean Minimum Maximum
Overburden aquifer 5.79x107 2.13x10™ 2.60x10° 3.12x10°
Saddle Mountains unit 3.70x10° 5.29x10° 2.80x10° 2.29x10°
Wanapum unit 8.45x10” 1.55x107” 5.00x10° 1.08x10™
Grande Ronde unit
Upper Grande Ronde 1.97x10° 4.25x10” 4.80x10™ 1.84x10"
Lower Grande Ronde 3.11x107 8.51x10° 5.52x10" 4.80x10™
All units combined 3.85x107 1.35x10°" 4.80x10™ 3.48x10°
Vertical hydraulic conductance, in feet per second per foot
Hydrogeologic unit Median Mean Minimum Maximum
Overburden aquifer 2.63x10° 1.25x10° 2.00x10™" 1.01x10°
Saddle Mountains unit 2.12x10™ 1.09x10” 5.00x10™ 3.54x10°
Wanapum unit 6.02x10°™" 3.66x10™ 5.00x10"™" 2.70x10°
Grande Ronde unit
Upper Grande Ronde 4.98x10™" 4.10x10™ 45x10™ 4.98x10™"

should exhibit a large range. For example, cascading
water in many uncased wells is attributed to the relative
ease with which water moves horizontally along inter-
flow zones. Thus, the hydraulic conductivity in inter-
flows is mainly due to primary features such as flow
breccia, vesicles, and clinkers rather than to the fracture
assemblage; whereas, in the entablature and colonnade,
the hydraulic conductivity is mainly due to fractures
and joint systems developed during cooling processes
and tectonic activity.

Modeling studies (F. A. Packard, U.S. Geological
Survey, written commun., 1987; Davies-Smith and oth-
ers, 1988; William Meyer, U.S. Geological Survey, writ-
ten commun., 1985) suggest that, within a basalt unit,
the vertically averaged lateral hydraulic conductivity
for some geologic structures, such as faults, may be as
small as 107 to 10™® ft/s. There are two possible expla-

nations for this--the offsetting of interflow zones
through faulting, which produces low-conductivity
fault breccia and gouge material at that interface (as
described by Newcomb, 1965, 1969; and Stearns, 1942),
and the closing of pore space through deposition of sec-
ondary minerals. Values derived from the application of
the ground-water model in this study suggest that, for
some structures, typically faults and fault-associated
anticlines, lateral conductivity can be reduced by about
two orders of magnitude.

Transmissivities of the study units and of the total
aquifer system were estimated for the area within the
ground-water model boundaries. The transmissivities
of the total aquifer system range from 4.8x107* to 3.5
ft?/s (square feet per second), with an estimated
median of about 3.8x1072 ft?/s (table 2). The estimated
median values for the five aquifers, from youngest to
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oldest, are 5.8x107%, 3.7x107%, 8.4x107, 2.0x107%, and
3.1x1072 ft*/s; maximum values range from 2.3x1072 to
3.1t%/s.

Vertical hydraulic conductivity values of the basalts
are largely unknown. Estimates made during numerical
ground-water-modeling studies (MacNish and Barker,
1976, p.5; Prych, 1983, p.35; E. A. Packard, U.S. Geologi-
cal Survey, written commun., 1987) range from 2x10712
to 5x1077 ft/s. The range of the ratio of horizontal to
vertical hydraulic conductivity has been estimated to be
from about 5,000:1 to 100:1 (Hansen and others, 1994; F.
A. Packard, U.S. Geological Survey, written commun.,
1987; Lum and others, 1990; A. J. Hansen, U.S. Geologi-
cal Survey, written commun., 1986). Vertical hydraulic
conductivity values were not estimated directly in this
study. Instead, vertical hydraulic conductance was esti-
mated. These values were derived during model cali-
bration on the basis of proportionality factors,
thickness, and lateral hydraulic conductivity. These
regionalized values integrate the hydraulic characteris-
tics of all overburden sediments and basalt flows and
intercalated sediments, and generally approximate an
effective vertical hydraulic conductivity divided by a
representative thickness. Table 2 shows that the median
values are, from younqest to oldest, 2.6x1078, 2.1x10_11,
6.0x10'12, and 5.0x1071 1/s (feet per second per foot, or
per second); basalt values range from 4.5x107° to
3.5x1078 1/5, and overburden values range from 2.0x
10712 t0 1.0x107° 1/s.

Vertical hydraulic conductivity estimates based on
the model-derived values of vertical conductance
showed that the median value for the overburden aqui-
fer is about 2.1x107 ft/s, or about an order of magni-
tude smaller than the lateral hydraulic conductivity.
The vertical hydraulic conductivity of the basalt units
varied widely and has a median of about 1.5x107® ft/s.
This median value is, in turn, about three orders of
magnitude smaller than the median lateral conductivity
of basalt units. The larger vertical hydraulic conductiv-
ity values estimated during this study are probably due
to the following reasons: (1) Unlike the previous investi-
gations, most of the Palouse subprovince was included
in this study, and the northeastern part encompasses
most of the structurally unaffected basalt area; (2) the
total thickness of the basalt units was modeled in this
study, resulting in a smaller effective vertical hydraulic
conductance and a larger effective vertical hydraulic
conductivity; (3) the boundaries in this study generally
extended to the basalt's lateral extent or an equivalent
no-flow boundary; and (4) better hydraulic head control
were available from more wells in the Wanapum and
Grande Ronde units allowed for improved assessment
of vertical gradients.
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The potential range in the storage coefficient was
estimated for the basalt units on the basis of selected
published values of storage coefficients for the Colum-
bia Plateau and on model simulations. Values for the
overburden aquifer were estimated from selected pub-
lished values.

The estimated storage coefficient values for the over-
burden materials range from 0.0002 to 0.2 and generally
represent the specific yield. Storage coefficient values
for the basalt range from 1077 to 107 and represent a
range of aquifer conditions including confined condi-
tions where the values approach the expansibility of
water, leaky artesian conditions, and water-table condi-
tions with low porosity. Analysis of ground-water-level
declines in conjunction with ground-water pumpage
suggests that long-term regional values are about the
same for all basalt units and probably range from 0.005
to 0.05. A value of 0.04 was used as the estimate for the
time-averaged ground-water model simulation.

Stream-leakance coefficients represent proportional-
ity factors for estimating the flux of water between the
aquifer system and streams. These factors are multi-
plied by the difference in hydraulic head between a
stream and the unit the stream resides in, to obtain an
estimate of the flux. The coefficients, derived and
regionalized during model calibration, range from 0.1
to 11.0 ft2/s. The median coefficient was about 1 ft2/s,
and about 70 percent of the coefficients were equal to
the median.

FLOW SYSTEM

The occurrence, movement, and availability of
ground water in the Columbia Plateau are controlled by
the aquifer system's geometry and hydraulic character-
istics, and the distribution and rates of ground-water
recharge and discharge, including changes caused by
water-development practices. A description of the
regional flow system and how it relates to these factors
has been discussed by Bauer and others (1985), White-
man (1986), Lane and Whiteman (1989), Whiteman and
others (1994), and Hansen and others (1994).

The altitude of the water table in the overburden
aquifer for Washington and Oregon is shown on figure
5. The overburden materials compose a water-table
aquifer in the Quincy, Pasco, Yakima River, Walla Walla
River, and Umatilla River basins. The direction of
ground-water flow is toward discharge points along
surface-water features in these basins. Water in the
overburden aquifer is in direct hydraulic connection
with water in the immediately underlying basalt unit.
Within the U.S. Bureau of Reclamation's Columbia
Basin Irrigation Project (CBIP), much of the overburden













































REGIONAL GROUND-WATER FLOW

tical hydraulic conductance varies up to eight orders of
magnitude regionally and appears to average about 10~
1 1/s. Estimates of effective vertical hydraulic conduc-
tivity average about 107 ft/s and range from about 10~
1061072 ft/s.

Calculated ground-water velocities range from 1074
to about 20 ft/d and generally decrease with depth
within the aquifer system. Median estimated velocities
for the five model layers are, from youngest to oldest, 2
ft/d, 0.2 ft/d, 0.4 ft/d, 0.2 ft/d, and 0.1 ft/d (Hansen
and others, 1994). The median velocities indicate that
ground-water residence time for short flow paths (less
than 10 mi) are on the order of a few months to 250
years; for intermediate flow paths (10 to 30 mi), 250 to
500 years; and for long flow paths (more than 30 mi) the
residence time is 500 to more than 5,000 years. The long
flow paths and slow ground-water movement in the
deep basalts allow for the geochemical evolution of the
flowing ground waters and precipitation of secondary
minerals; this, in turn, affects the hydraulic characteris-
tics of the basalts and, subsequently, the rate and quan-
tity of ground-water movement.

PREDEVELOPMENT LAND-USE CONDITIONS

The model-calculated water budget for predevelop-
ment land-use conditions (tables 5 and 6 and fig. 13)
shows that, of the estimated 33,000 ft>/s of precipitation
that fell within the ground-water model boundaries,
about 6,566 ft3/s, or 20 percent (2.72 in/yr), became
ground-water recharge. About 119 ft3/s (0.55 in/yr)
entered the overburden aquifer, 133 ft3/s (0.58 in/yr)
entered the Saddle Mountains unit, 2,185 ft°/s (2.0 in/
yr) entered the Wanapum unit, and 4,131 ft3/s (4.7 in/
yr) entered the upper Grande Ronde. Much of the
recharge followed short flow paths within local flow
systems and discharged as baseflow to small streams
and as seeps and springs along canyon and coulee
walls.

Of the 1,074 ft3/s that discharged from the overbur-
den aquifer, about 50 percent was water from underly-
ing basalt units. About 71 ft3/s of the discharge from
the Saddle Mountains unit was water received from the
overburden aquifer and the underlying Wanapum unit.
About 840 ft3/s of the water that discharged from the
Wanapum unit was ground water received from other
units and about 1,154 ft3/s of the upper Grande Ronde
discharge was water that had moved through other
units.

Before water-development practices began, the satu-
rated part of the overburden aquifer covered about
2,910 mi? (volume of about 140 mi’). The saturated
deposits were located in structural basins along river
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and stream courses. In these areas, typified by low pre-
cipitation, this unit received about 119 ft3/s (0.56 in/yr)
of recharge or less than 2 percent of the aquifer system's
recharge. However, the unit was active hydrologically
because it overlies regional and subregional discharge
areas. Thus, about 15 percent of the ground water dis-
charged through the overburden aquifer. Ground-water
movement was from the uplands to lowlands in the
basins and subsequently to rivers and streams, the alti-
tude of which is the major control on the ground-water
movement.

The predevelopment saturated part of the Saddle
Mountains unit covered about 4,910 mi? (volume of
about 340 mi%), of which about 3,040 mi? cropped out.
The unit received about 133 ft3/s (0.59 in/ yr) of
recharge where it cropped out. Movement of ground
water in this unit is controlled primarily by topography
and geologic structure, and secondarily by the heads in
the overburden aquifer (which overlies about 38 percent
of the unit) and the altitude of the Columbia and
Yakima Rivers.

The Wanapum unit covers about 20,540 mi? (volume
of about 1,700 mi®), representing about 63 percent of the
area within the modeled region, and about 14,750 mi? of
the unit crops out. This outcrop area received an esti-
mated direct recharge from precipitation of 2,185 ft3/s
(2.0 in/yr), only about 24 percent of which reached the
regional discharge area located along the Columbia and
Snake Rivers. The remaining water in the unit dis-
charged along short to intermediate flow paths and to
the other units. Topography, geologic structure, and
surface-water features control the movement of water
within this unit. In the western part of the Palouse sub-
province, individual basalt flows in the Wanapum unit
appear to be laterally continuous and have small verti-
cal hydraulic conductivity. Throughout much of the
remainder of the area, the unit appears to be hydrauli-
cally well-connected to overlying units and has a highly
variable connection to the underlying upper Grande
Ronde. The lateral hydraulic conductivity is small in the
high-relief areas of the Yakima Fold Belt and in other
structurally complex areas, and is large throughout
much of the remainder of the unit's extent.

Flow paths within the Wanapum unit are short and
terminate at surface-water features within the Blue
Mountains subprovince. In the Yakima Fold Belt, flow
paths originate in topographic highs, generally anti-
clines where lateral hydraulic head gradients are large
(100-200 ft/mi), and terminate along major rivers in the
intervening synclinal valleys where hydraulic gradients
are low (10-20 ft/mi).

The upper Grande Ronde covers about 32,500 mi?,
or all but about 190 mi? of the modeled area; the unit is
absent in the periphery of the northeastern part of the
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Ficure 13.—The model-calculated water budget for predevelopment (1850's) land-use
conditions, Columbia Plateau aquifer system (From Hansen and others, 1994).

area. Thirty-seven percent of its surface area is exposed
at the land surface and received about 4,131 ft3/s (4.7
in/yr) of recharge, of which about 73 percent dis-
charged locally along short- to intermediate-length flow
paths. About 28 percent of the recharge reached
regional discharge areas. Topography, geologic struc-
ture, and surface-water features control the movement
of ground water where the unit crops out. In the subsur-
face, the movement of ground water is controlled by the
Wanapum unit's head configuration and dip. Over
much of the area where the upper Grande Ronde is bur-
ied, the hydraulic head gradient is low or uniform and
does not appear to be controlled by structural features
as much as in the younger units. The upper Grande
Ronde does not appear to be less permeable than over-
lying units; its lateral hydraulic conductivity values are
similar to those of the Wanapum unit. However, like the
Wanapum unit, it has lower lateral hydraulic conduc-

tivities in the Yakima Fold Belt and in other structurally
complex areas.

The lower Grande Ronde covers about 20,110 miz, or
62 3percerlt of the modeled area. It contains about 13,400
mi° of saturated rock material, which is 52 percent of
the total volume of predevelopment saturated aquifer
within the ground-water model boundary. This model
layer was chosen to represent the deeper flow within
the regional aquifer system, and there is almost no
regional hydrogeologic information pertaining to it. The
layer receives water from and gives water solely to the
upper Grande Ronde. The lateral hydraulic conductiv-
ity assigned to the lower Grande Ronde is based on the
distribution and magnitude of lateral hydraulic conduc-
tivity in the upper Grande Ronde and the assumption
that the basalts would be less permeable with depth
(Hansen and others, 1994). Although the lower unit cov-
ers a large area and includes an extensive volume of
rock and ground water, only about 422 ft3/s of ground
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water is estimated to be moving through it. For compar-
ison, the lower Grande Ronde's volume is 100 times
greater than that of the saturated overburden aquifer
during predevelopment times, but the quantity of water
moving through it is only 37 percent of that moving
through the overburden aquifer.

CURRENT LAND-USE CONDITIONS

The calculated water budget for the time-averaged
simulation (tables 5 and 6 and fig. 14) shows that about
10,205 ft3/s (4.24 in/yr) of recharge enters the ground-
water system, an increase of 3,640 ft3/s (1.52 in/ yr)
from predevelopment conditions. The additional
recharge is mainly due to the delivery, application, and
infiltration of applied irrigation water. About 3,202 ft3/s
(9.6 in/yr) enters the overburden aquifer (an increase of
about 3,083 ft3/s), 577 {t3 /s (2.6 in/ yr) enters the Saddle
Mountains unit (a 444 /s increase), 2,268 ft3/s (2.3in/
yr) enters the Wanapum unit (an 83 ft3/s increase), and
4,161 ft3/s (4.7 in/yr) enters the upper Grande Ronde (a
30 ft3/s increase; see table 6).

There is about 400 mi® of water in storage in the
aquifer system under current land-use conditions; as a
comparison, Franklin D. Roosevelt Lake, created by the
construction of Grande Coulee Dam, has about 2.8 mi®
of water in storage. However, owing to the control
exerted by the hydraulic characteristics and geometry
of the aquifer system, the fact that much of the recharge
is discharged locally in short flow paths, and based on
the observed water-level declines and relative age of the
ground water, all the recharge cannot be considered
water available for use. Usable storage in the aquifer
system, based on the estimated predevelopment to cur-
rent decrease in storage (about 2,400 ft3/ s), is on the
order of 0.5 to 1 mi°.

Of the total recharge to all units, about 5,595 ft3/s
(55 percent) discharges to drains and about 3,804 ft3/s
(37 percent) discharges to rivers (table 5). Discharge
through seepage-face boundaries is only 4 percent of
the recharge and is about the same as under predevel-
opment conditions. Pumpage is about 1,135 ft3/s, or
about 11 percent of the recharge. Two interrelated facts
can be noted here: overall discharge exceeds recharge
by 7 percent, and, because ground-water pumpage
locally exceeds the sum of recharge and ground-water
inflow, water levels have declined locally. The leakage
from rivers and the decrease in storage provide for the
excess discharge. Although these two quantities are
small, they are important locally as sources of water.
For example, the decrease in storage from spring 1983
to spring 1985 amounts to about 16 percent of the
ground-water pumpage. Along parts of Crab Creek and
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within the Odessa-Lind pumping center, river leakage
and decrease in storage provide water for ground-water
irrigation. Similarly, leakage from the Umatilla River in
Oregon locally appears to supply water for ground-
water pumpage.

About 110 percent of the recharge to the overburden
aquifer discharges to drains and rivers. Leakage from
rivers and from underlying basalts supplies an addi-
tional 1,144 ft3/s of water to the overburden aquifer
(table 6). The leakage of water from the overburden
aquifer to underlying basalts is about 500 ft3/s. Thus,
the difference between the quantity of water moving
into and out of the bottom of the overburden aquifer
indicates that only about 7 percent of the overburden
discharge from the aquifer system is flow received from
underlying basalt units. About 7 percent of the total
overburden aquifer discharge is ground-water pump-
age.
Of the approximately 577 ft3/s (2.6 in/yr) of
recharge to the Saddle Mountains unit, about 47 percent
discharges locally and the remainder discharges along
intermediate-length flow paths or moves to other units.
Leakage to overlying and underlying layers exceeds the
leakage from those layers to the Saddle Mountains unit
by about 39 ft>/s. Pumpage from the Saddle Mountains
unit amounts to only about 7 percent of the recharge.
However, pumpage is locally important, as can be seen
by the change in storage (table 6), which is about 30 per-
cent of the pumpage.

The Wanapum unit receives about 2,268 ft3/s (2.2
in/yr) of recharge, of which about 48 percent discharges
locally, slightly less than under predevelopment condi-
tions. About 12 percent of the Wanapum unit's total dis-
charge is pumpage, and about 43 percent is discharge to
other layers. The change in storage is about 25 percent
of the Wanapum unit's pumpage. Leakage to seepage-
face boundaries (part of the local discharge) from the
Wanapum unit, although only about 14 percent of
recharge, is nearly 70 percent of the pumpage and is,
thus, an important budget item. The Wanapum unit has
a net loss of water to the overlying overburden aquifer
and Saddle Mountains unit of about 111 ft3/s, which is
about 373 ft3/s less than under predevelopment condi-
tions. There is a net loss to the upper Grande Ronde of
about 230 ft3/s, which is about 215 ft*/s more than
under predevelopment conditions.

The upper Grande Ronde discharges about 2,970
ft3/s locally along short-to intermediate-length flow
paths; this is about 51 percent of the unit's total dis-
charge and about 70 percent of its recharge. The
ground-water pumpage for the upper Grande Ronde
unit is only about 6 percent of its discharge. In compari-
son to the Wanapum unit, the upper Grande Ronde's
larger ground-water storage reservoir and greater lat-
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eral ground-water inflow in areas of pumpage have
resulted in smaller water-level declines. Thus, the loss
in storage is only about 17 percent of the pumpage and
2 percent of the recharge. Pumpage is compensated for
primarily by vertical leakage from the overlying
Wanapum unit and secondarily from decrease in stor-
age, increase in recharge, and increase in leakage from
rivers (table 6).

The water budget and flow system for the lower
Grande Ronde are similar to those under predevelop-
ment conditions; differences mainly relate to local
changes in lateral head gradient and the vertical head
gradient between it and the upper Grande Ronde.

The total quantity of ground water that moves
between layers is about 4,565 ft3/s, or about 45 percent
of the time-averaged recharge (fig. 14). The remaining
55 percent of recharge remains in the unit it enters and
discharges along short flow paths within local flow sys-

tems and along intermediate- to regional-length flow
paths. Although ground-water travel times are both rel-
atively large and increase with depth, the quantity of
water moving between layers indicates an active flow
system.

The overburden aquifer has a net gain of about 234
ft3/s from underlying units. This water discharges both
locally and to the major rivers. Upward flow to the
overburden aquifer typically occurs at or near the
regional discharge area.

About 1,610 ft3/s of ground water moves between
the Saddle Mountains unit and other units; this quan-
tity is about 280 percent of its recharge. The Saddle
Mountains unit loses about 279 ft3/s to the overburden
aquifer and gains about 234 ft*/s from the underlying
basalt units, resulting in a net loss of about 39 ft3/s.
Under predevelopment conditions, the unit had a net
gain of about 71 ft3/s from the other layers (table 6).















EFFECTS OF HISTORICAL WATER-DEVELOPMENT PRACTICES

Odessa-Lind pumping center, within some of the val-
leys in the Yakima Fold Belt, on the south slope of Horse
Heaven Hills, in the pumping center near Umatilla,
Oreg., and in the Walla Walla River basin (fig. 15). The
hydrographs of wells 15N/45E-32N03 and 17N/32E-
19E01 (fig. 16) illustrate some of these declines. In gen-
eral, water levels in those areas continue to decline, and
the size of the areas affected has increased with time.
The rate of water-level decline, however, has decreased,
at least in the central part of the plateau (Lane and
Whiteman, 1989).

In several of these areas, the declines have been
moderated by the rising water levels in nearby surface-
water irrigated areas. These rises have increased gradi-
ent, and thus supply additional water to the pumping
centers. A good example of this is the narrow transition
zone between water-level rises in the CBIP and water-
level declines beginning just east of the East Low Canal
and extending into the Odessa-Lind area. Simulation,
using the predevelopment model, of the affects of the
additional recharge resulting from the surface-water
irrigation indicated a water-level rise of 10 to 100 ft over
a large part of the Odessa-Lind pumping center.

The effects of water development on the upper
Grande Ronde have been to raise water levels over
about half of its area and to lower water levels over the
remainder. Rises have averaged about 30 ft (median of
about 14 ft) and declines have averaged about 35 ft
(median of about 6 ft). Model-calculated rises and
declines are in excess of 200 ft. The rises have occurred
in the surface-water-irrigated areas and along the man-
made reservoirs of the major rivers. The largest rises
have occurred in the Quincy basin. Declines have
occurred in areas of ground-water pumping, mainly
centered in the Odessa-Lind area of Washington and the
Umatilla area of Oregon. Smaller scale declines have
occurred in the Pullman-Moscow area and in the Horse
Heaven Hills area. Local declines have also occurred
throughout the plateau.

Projected rises and declines in the lower Grande
Ronde cannot be verified because there are no data. The
model-calculated water-level changes are only a prelim-
inary and coarse estimate of the effects of water devel-
opment on the deep flow system. The largest model-
calculated rises, up to about 150 ft, are in the northwest
Quincy basin. Smaller rises are indicated in other sur-
face- water-irrigated areas and along the major rivers.
Declines of as much as 170 ft are calculated for the
Odessa-Lind area in Washington, and as much as 50 ft
for the Umatilla, Oreg., area. The distribution of rises
and declines for the lower Grande Ronde are similar to
those for the upper Grande Ronde, but the magnitude
of these changes is less. As with the upper Grande
Ronde, declines in the lower Grande Ronde have spread
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north and east from the Odessa-Lind area and the
southern extent of declines is delineated by a narrow
east-west strip of low hydraulic conductivity that
extends eastward from the Saddle Mountains anticline
to the vicinity of the mouth of the Palouse River.

Water-level rises and declines of more than a few
feet affect regional patterns of ground-water movement.
The dominant direction of ground-water movement
across the northern half of the plateau prior to the
development of an agriculture-based economy was sim-
ulated as south-westerward, from the northern and
eastern plateau margins toward the Columbia and
Snake Rivers. The complex pattern of flow in this area,
mapped for the Wanapum unit (fig. 7) and simulated
for current conditions, reflects the combined effects of
water-level rises and declines.

The effects of water development in 27 selected
basins (table 7) were analyzed through the model-calcu-
lated changes in ground-water discharge (Hansen and
others, 1994). Ground-water discharge decreased in
about half the basins; some of the decreases were small.
Ground-water discharge in the other basins either
remained about the same or increased in comparison to
results for simulated predevelopment conditions. Larg-
est decreases were in the Cow Creek, upper Crab Creek,
Bowers Coulee, South Fork Palouse River, and Little
Klickitat River basins. For example, ground-water dis-
charge in Cow Creek basin decreased from about 41 3/
s under predevelopment conditions to about 23 ft3/s
under 1983-85 conditions. Similarly, the discharge in
Crab Creek basin decreased by about 38 ft3/s, from 63
to 25 ft3/s. Ground-water discharge increased in several
of the basins, although only in Glade Creek, in Wash-
ington, was the percentage of increase large, from 0 to
7.9 f/s.

In the model analysis by Hansen and others (1994),
ground-water discharge to 16 selected stream reaches
was calculated (table 8). The model-calculated ground-
water discharge to 7 of the 16 selected stream reaches
has increased significantly due to water development.
The seven reaches are the upper Columbia River, lower
and upper Yakima River, lower Crab Creek, Walla Walla
River, Naches River, and the Rocky Ford-Crab Creek.
The upper Columbia River receives an additional 540
ft/s of ground-water discharge when compared with
predevelopment conditions. This increase is caused by
the rise in water levels in CBIP. This quantity is insignif-
icant when compared with the flow in the Columbia
River. The upper Yakima River now is estimated to
receive about 304 ft3/s of ground-water discharge, an
increase of about 118 ft3/s. The calculated ground-water
discharge to the lower Yakima River has increased from
about 45 ft3/s to about 425 ft3/s. The model calculations
indicate that the Yakima River now receives about 500
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TaBLE 8.—Model-calculated ground-water discharge to selected stream reaches, Columbia Plateau aquifer system (from Bauer and Hansen, in press)
[Values in cubic feet per second; CBIP, Columbia Basin Irrigation Project]

CBIP expansion
Phase 1 Phases 1 and 2
1983-85 1983-85 1983-85 Reduced 1983-85 Reduced
Stream reach Predevelopment time-averaged equilibrium pumpage pumpage pumpage pumpage
Upper Columbia River 291.1 8314 827.1 840.8 842.6 850.6 857.4
Snake River 491.7 4355 428.0 433.0 4349 449.0 456.1
Lower Yakima River 453 424.8 417.9 418.2 418.3 4189 4194
Lower Columbia River 383.9 354.1 333.6 333.7 333.7 333.8 334.1
Upper Yakima River 185.4 303.8 303.4 303.4 303.4 303.4 303.4
Klickitat River 217.2 225.7 225.7 225.7 225.7 225.7 225.7
Palouse River 160.4 164.3 140.5 142.6 144.0 150.1 158.1
Lower Crab Creek 76.3 145.1 140.3 144.6 146.9 152.2 162.8
Walla Walla River 72.1 115.3 114.6 114.8 114.9 115.3 1155
Naches River 54.7 97.5 95.7 95.7 95.7 95.7 95.7
Rocky Ford-Crab Creek 10.8 90.9 87.6 98.5 104.7 103.1 114.3
Grande Ronde River 74.0 74.0 74.0 74.0 74.0 74.0 74.0
Spokane River 52.4 51.5 51.4 514 51.4 51.4 51.4
Deschutes River 47.4 50.6 50.4 50.4 50.4 50.4 50.4
John Day River 425 459 45.6 45.6 45.6 45.6 45.6
Moses Coulee 11.5 9.8 9.2 9.2 9.2 9.2 9.3

ft3/s more ground-water discharge than under prede-
velopment conditions. The increased ground-water dis-
charge is due to return flows resulting from the
infiltration of delivered and applied excess surface
water. Much of this excess water flows through the
overburden aquifer to drains that discharge to the
Yakima River; that quantity is not included in the 500
ft3/s. The 500 ft3/s is relied upon for meeting down-
stream water rights. Lower Crab Creek receives an
additional 69 ft°/s, as calculated by the model. The
increase in ground-water discharge is from irrigation
return flow from both CBIP and ground water from the
rising water levels in the Wanapum unit. The simulated
increase in ground-water discharge to the Walla Walla
River was about 43 ft3/s; the increase is due to surface-
water irrigation. The calculated ground-water discharge
to the Naches River has increased from about 55 ft3/s to
98 ft3/s, due to surface-water irrigation in the Naches
River basin. Last, the Rocky Ford-Crab Creek area
(defined as the area around Potholes Reservoir, fig. 1)
has a calculated increase of about 80 ft3/s (from 11 ft3/s
for predevelopment conditions to 91 ft3/s). This
increased discharge also is due to the application of sur-
face water in the CBIP. Each of these seven stream
reaches crosses part of the areas of calculated rises in
water levels.

Generally, ground-water discharge to the stream
reaches does not appear to have decreased significantly.
However, decreases in discharge to streams have

occurred both in the selected basins analyzed and for
some of the model drain cells not included in the basins.

EFFECTS OF POTENTIAL WATER-
MANAGEMENT ALTERNATIVES

The ground-water model was used principally to
obtain a better understanding of the regional ground-
water flow system and the relation between the various
components of the flow system. However, five steady-
state simulations also were completed to estimate the
effects of potential water-management alternatives
(Bauer and Hansen, in press).

The first simulation was made to estimate the long-
term effects of the 1983-85 distribution of pumpage and
recharge; the time-averaged model was used without
the 1983-85 change-in-storage term. This simulation
represents the long-term, 1983-85 equilibrium condi-
tions under current water-management strategies.

The other four simulations were made to estimate
the effects of the proposed further development (expan-
sion) of CBIP. The expansion area covers most of the
Odessa-Lind pumping center in Washington. The CBIP
originally was authorized for the development of
1,095,000 acres to receive Columbia River water; about
556,000 acres currently are developed. Under the pro-
posed expansion, the remaining 538,500 acres would be
developed.
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On the basis of information from the Water Conser-
vation Steering Committee (1987), the expansion would
proceed in two phases, and there are several proposed
alternatives for each phase. The existing Alternative A
phase 1 (about 160,000 acres) and phase 2 (about
378,500 acres) developments were chosen for simula-
tion. Each phase of development (160,000 acres for
phase 1 and 538,500 acres for phases 1 and 2) was simu-
lated under an annual irrigation-application rate of 4.0
ft/yr, the estimated average current operating rate for
CBIP.

On the basis of the observed historical water-level
rises in CBIP, it is estimated that drains would be
needed at every model cell with new surface-water
application; therefore, drains were added to all these
model cells. Additionally, recharge to those cells caused
by the infiltration of the surface water delivered and
applied to croplands was estimated from the informa-
tion presented in Bauer and Vaccaro (1990). Climate,
and thus ground-water recharge, was assumed to be
invariant, and because the simulations were steady-
state, a time-history of the effects was not examined.

For two of the four simulations, phase 1 and phase 1
plus 2, 1983-85 pumpage was kept the same. For the
other two simulations the pumpage was reduced for a
ground-water model cell in proportion to the percent-
age of area of the cell included in the proposed CBIP
expansion. In order to isolate the effects of the proposed
expansion of CBIP, the model results (discussed later in
this section) were referenced to the calculated 1983-85
equilibrium conditions.

EQUILIBRIUM CONDITIONS

The first simulation, representing the long-term
effects of 1983-85 water-management strategies, indi-
cated that the largest changes in the flow system would
occur in the Wanapum unit. The water budget and
water-level configuration calculated by the model for
the overburden aquifer remained about the same; con-
tinued pumpage from this unit slightly decreased the
quantity of water discharging from it to drains.

The effects on the Saddle Mountains unit were lim-
ited to the Yakima Fold Belt in the Moxee-Selah-Cold
Creek tributary valleys and to the western part of Horse
Heaven Hills. The water-level configuration and water
budget would remain nearly the same throughout the
remainder of the Saddle Mountains unit. For the areas
in the Yakima Fold Belt, calculated water-level declines
would exceed 100 ft and some areas would become
unsaturated. This is due to the pumping from both the
Saddle Mountains unit and the underlying Wanapum
unit. The declines would extend throughout some 80
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mi?, and the model calculated the desaturation of some
160 mi? of the unit. The model-calculated desaturated
areas generally are areas where the unit is thin, pres-
ently is saturated, receives only a small quantity of
recharge, and has little to no potential for lateral inflow
(small upgradient contributing area).

The model-derived estimates of changes in water
levels (all declines) from the 1983-85 simulation for the
Wanapum unit (fig. 17) show that the largest declines
would occur in the Odessa-Lind pumping center, near
The Dalles, Oreg., near Butter Creek, Oreg., near Glade
Creek, Wash., on the south slope of Horse Heaven Hills,
and in the Moxee-Selah-Cold Creek tributary valleys
within the Yakima Fold Belt; calculated declines in
those areas are generally less than 200 ft, but exceed 500
ft locally. The areal extent of the declines is large: 1- to
75-foot declines cover about 200 mi?%; 75- to 150-foot
declines, about 180 mi%; and model cells that desaturate,
some 400 mi%. About 4 percent of the area of the
Wanapum unit is affected by declines. In the Odessa-
Lind pumping center alone, about 20 model cells were
calculated as desaturating, indicating desaturation
throughout 93 mi? of the Wanapum unit (a decrease in
storage of about 350,000 acre-feet of ground water).

Changes in the flow system in the Grande Ronde
unit, resulting from continuing the 1983-85 pumpage
from the aquifer system, occur principally in parts of
the Odessa-Lind pumping center, near Butter Creek,
Oreg., and near Glade Creek, Wash., on the Horse
Heaven Hills. The water- level declines in the Grande
Ronde unit in the Odessa-Lind area extend from south
of Odessa to north of Connell and from about the East
Low Canal in the west to Ritzville, Wash., in the east;
this is about the same area of calculated declines for the
Wanapum unit. Unlike the Wanapum unit, however, in
only one model cell are calculated declines greater than
75 ft. Declines ranging between 1 and 75 ft were calcu-
lated to include some 225 mi?. In one area in the west-
ern part of Horse Heaven Hills, the upper Grande
Ronde was calculated as desaturating, but this is
believed to have been caused by numerical instability in
the model rather than by pumping in that area. The
declines in the upper Grande Ronde are paralleled in
the lower Grande Ronde, but they are neither as wide-
spread nor as large in magnitude.

The model was used to calculate changes to the
water budget of the aquifer system (table 9). The inflow
changes are the loss of storage and an additional 20 ft3/
s of streamflow captured. The induced leakage from riv-
ers is due to the lowering of water levels, caused by the
current distribution and rate of ground-water pumping.
Also, because continued pumping at the current rate
causes areas to become desaturated, there was a net loss
of about 40 ft3/s of ground-water pumpage. It is esti-
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The expansion of both phases of CBIP would cause
recharge to increase by about 974 ft3/s (table 9). Stream-
flow in the rivers bordering CBIP would increase by
about 40 ft*/s in addition to the 32 ft3/s increase under
the phase 1 expansion. Drains would receive most (88
percent) of the additional recharge water. With full
development of CBIP, an additional 14 cells in the
Wanapum unit that were simulated to desaturate under
the phase 1 management strategy simulation would
remain saturated (allowing for the continuation of the
10 ft3/s of pumpage). Water-level rises would encom-
pass about three times the area under phase 1 alone.
Additionally, areas of rises of more than 250 ft would
increase, as would areas of water-level rises in the
upper Grande Ronde, although these rises would still
be generally less than 100 ft.

COLUMBIA BASIN IRRIGATION PROJECT
EXPANSION, REDUCED PUMPAGE

For the phase 1 expansion but with a prorated
reduction in 1983-85 ground-water pumping, pumpage
was estimated to be reduced by about 121 £t*/s (table 9).
This results in a slightly different flow system than
under the phase 1 expansion with continuation of 1983-
85 pumpage. The inflow into the aquifer system (table
9) would increase by about 305 ft3/s. This is less than
under the other phase 1 simulation because the large
reduction in pumpage would allow water levels to rise
further, resulting in less leakage from the rivers. The
reduction in pumpage is compensated for principally
by increased leakage to drains. Additionally, the reduc-
tion in pumpage allows more than 50 percent of the
Wanapum unit cells that were desaturated under the
other phase 1 simulation to remain saturated. Discharge
to the 27 selected basins and 16 selected river reaches
(tables 8 and 9) would remain about the same as under
the other phase 1 simulation with 1983-85 pumpage.

Under the phase 1 and 2 expansion with reduced
pumpage, there are large model-calculated changes in
the water budget and flow system from equilibrium
conditions and only small changes in the total inflow
and outflow quantities from the phase 1 and 2 expan-
sion with 1983-85 pumpage. Thus, the flow system
remains about the same as under the phase 1 and 2
expansion with 1983-85 pumpage. However, because
the expansion area includes much of the Odessa-Lind
pumping center that would be supplied with surface-
water sources, there would be a net reduction in pump-
age of about 252 ft3/s (a 20-percent decrease from equi-
librium conditions). This would allow water levels to
rise an additional 50 to 100 ft throughout about 160 mi?
of both the Wanapum and upper Grande Ronde units.
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These rises would result in an increase in discharge to
drains of about 1,060 ft3/s compared to equilibrium
conditions, a 24-percent increase compared to the phase
1 and 2 expansion with 1983-85 pumpage.

The calculated discharge to all but one of the
selected basins and river reaches generally would be
unchanged from equilibrium conditions. Only Bowers
Coulee basin (zone number 27 on figure 9, and table 3)
would have a large percentage of change in discharge.
This basin is located within both the Odessa-Lind
pumping center and the expansion area. About 30 per-
cent of the increased leakage to drains under both phase
1 and 2 expansion simulations would be within this
basin. Under reduced pumpage, an additional 61 ft3/s
would discharge to drains in this basin, compared with
the phase 1 and 2, 1983-85 pumpage simulation. Water
levels would rise an additional 100 ft throughout much
of this basin in both the Wanapum unit and the upper
Grande Ronde.

GROUND-WATER QUALITY

One of the principal factors necessary for economic
development of the Columbia Plateau is the availability
of large quantities of ground water for irrigation. The
suitability of water depends on its quality, and therefore
an understanding of the processes that affect ground-
water quality is important. Ground-water chemistry
can significantly affect the hydrologic characteristics of
the rock composing the aquifer system. The filling of
fractures with mineral precipitates derived from chemi-
cally reactive volcanic glass (which usually has pro-
gressed farther in older volcanic rocks than in younger
rock) decreases hydraulic conductivity. This is believed
to be related to the rate of ground-water flow, the avail-
ability of the chemically reactive volcanic glass, and the
relatively porous nature of volcanic rocks, which pro-
vides a large surface area per unit volume for contact
with the water (Wood and Fernandez, 1988).

In the Columbia Plateau RASA study, the regional
water-quality characteristics for the basalt units and the
geochemical evolution of the ground water were
assessed; the results are summarized below. Specific
water-quality problems (except for the higher concen-
trations of sodium in some ground water withdrawn
from the basalts) and the water-quality characteristics
of the ground water in the overburden aquifer (which
are complex due to human activities and the variations
in overburden lithology) were not studied.
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WATER-QUALITY CHARACTERISTICS

Ground water in the basalt units generally is of good
quality and suitable for most uses (Steinkampf, 1989). A
summary of water chemistry in the three units is
included as table 10. The dominant water type in all
three units is calcium-magnesium bicarbonate (CaMg
HCOs;). Sodium bicarbonate (Na HCOs) is the next most
prevalent type, and calcium-magnesium sulfate-chlo-
ride (CaMgSO4Cl) is the least prevalent water type.
Sodium bicarbonate water typically occurs in deeper
downgradient locations, due to the precipitation of cal-
cium and magnesium and the release of sodium as a

result of longer ground-water residence time in the
aquifer system.

In the Saddle Mountains unit, in areas of surface-
water irrigation and where the overburden is less than
200 ft thick, water from shallow wells is of a calcium-
magnesium sulfate-chloride type. Dissolved-solids con-
centrations generally increase in a downgradient direc-
tion because of longer residence time in the aquifer,
which effects the evolution of ground-water chemistry.
The concentrations of dissolved solids may further
increase because of recharge waters from irrigation with
high solute concentrations. Nitrogen concentrations
(nitrate plus nitrite as N) in ground water of 2.0 mg/L

TABLE 10.—Summary of selected water chemistry information for the three basalt units, Columbia Plateau aquifer system (from Steinkampf, 1989)
[Values in milligrams per liter unless otherwise indicated]

Saddle Mountains unit, 131 water analyses

Maximum  Minimum Mean

Specific conductance (microsiemens

per centimeter at 25° Celsius) 1,460 175 498.2
Calculated dissolved solids 890 140 340.2
Sodium (Na) 100 7.3 34.5
Chloride (Cl) 130 13 243
Nitrate + Nitrite (NO,+NO,, as N) 54 1 4.8
Silica (SiO, ) 72 36 55.6
Sulfate (SO, ) 490 2 53
Temperature (°Celsius) 25.5 8.6 18.36
Dissolved oxygen (DO) 10.1 1 4.5
Calcium (Ca) 98 19 38.28
Magnesium (Mg) 62 .28 194
Fluoride (F) 2.9 2 .58
Bicarbonate (HCO, ) 392 108 195.4
Iron (Fe) 79 .003 .03
Potassium (K) 13.0 15 6.9
pH (standard units) 87 7.0 7.7

Wanapum unit, 410 water analyses
Maximum  Minimum Mean

Specific conductance (microsiemens

per centimeter at 25° Celsius) 1,970 85 385.6
Calculated dissolved solids 1,100 69 243
Sodium (Na) 130 24 40.4
Chloride (Cl) 300 5 14.9
Nitrate + Nitrite (NO,+NO, , as N) 54 1 29
Silica (SiO, ) 110 10 52.3
Sulfate (SO, ) 490 2 30.1
Temperature (°Celsius) 434 6.2 16.7
Dissolved oxygen (DO) 10.6 1 45
Calcium (Ca) 180 8 30.8
Magnesium (Mg) 75 01 14.1
Fluoride (F) 49 1 53
Bicarbonate (HCO,) 455 43 166.2
Iron (Fe) 10 .003 .05
Potassium (K) 22.0 9 5.1
pH (standard units) 9.4 6.1 7.5
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TABLE 10.—Summary of selected water chemistry information for the three basalt units, Columbia Plateau aquifer system (from Steinkampf, 1989)—Continued
[Values in milligrams per liter unless otherwise indicated]

Grande Ronde unit, 283 water analyses

Maximum  Minimum Mean

Specific conductance (microsiemens

per centimeter at 25° Celsius) 830 85 311.8
Calculated dissolved solids 510 94 234.1
Sodium (Na) 90 4 24.9
Chloride (Cl) 45 5 7.1
Nitrate + Nitrite (NO,+NO,, as N) 15 1 .96
Silica (SiO, ) 110 29 56.5
Sulfate (SO, ) 100 2 21.8
Temperature (°Celsius) 36.7 7.6 18
Dissolved oxygen (DO) 10.2 1 3.3
Calcium (Ca) 88 .95 24.5
Magnesium (Mg) 38 13 10.7
Fluoride (F) 49 1 6
Bicarbonate (HCO,) 455 43 170.3
Iron (Fe) 10 .003 .098
Potassium (K) 13 1.1 47
pH (standard units) 94 6.7 7.6

All basalt units, 824 water analyses
Maximum  Minimum Mean

Specific conductance (microsiemens

per centimeter at 25° Celsius) 1,970 85 402.5
Calculated dissolved solids 1,100 69 269.5
Sodium (Na) 130 24 28
Chloride (Cl) 300 5 17.2
Nitrate + Nitrite (NO,+NO,, as N) 54 1 3.7
Silica (SiO, ) 110 10 48.3
Sulfate (SO, ) 490 2 29.3
Temperature (°Celsius) 43.4 6.2 15.5
Dissolved oxygen (DO) 10.6 1 52
Calcium (Ca) 180 .8 32.8
Magnesium (Mg) 75.0 .01 14.8
Fluoride (F) 49 1 5
Bicarbonate (HCO, ) 455 43 178.1
Iron (Fe) 10 .003 .03
Potassium (K) 22.0 9 49
pH (standard units) 9.4 6.1 7.4

#Mean value represents the negative base-10 log of the average hydrogen ion concentration in moles per liter.

or larger occur in areas where the overburden aquifer is
thin and where surface water is used for irrigation. The
recharging surface water transports large quantities of
nitrogen derived from agricultural chemicals. The mean
dissolved-solids concentration for the Saddle Moun-
tains unit is about 340 mg/L (table 10).

The concentration of dissolved solids in the
Wanapum unit averaged about 240 mg/L. For this unit,
calcium-magnesium sulfate-chloride waters are gener-
ally found in wells shallower than 400 ft, in areas where
the overburden is less than 200 ft thick, and in areas
where dissolved-oxygen concentrations in ground
water are greater than 4.0 mg/L. Sodium concentrations

greater than 25 mg/L are found in downgradient and
discharge areas. Nitrogen concentrations are generally
less than 2.0 mg/L in waters from wells deeper than
about 500 ft. Larger nitrogen concentrations, greater
than 10 mg/L, are found in water from wells less than
300 ft deep and where the overburden is thin or
absent—generally in the central part of the plateau. The
origin of this dissolved nitrogen is unknown, but agri-
cultural chemicals are the most likely source. The verti-
cal variation in nitrogen concentrations in the
Wanapum unit is probably due either to variations in
the direction of flow or to the possibility that nitrogen-
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enriched water has not reached the deeper depths at
this time; the former is most likely.

The mean concentration of dissolved solids of water
in the Grande Ronde unit is 234 mg/L and reflects con-
centrations of solutes generally smaller than in the
other wunits. Sodium concentrations increase with
ground-water residence time, and the largest concentra-
tions are found in samples from the deepest wells. In
general, sodium concentrations are larger in the central
part of the plateau. Dissolved nitrogen is not a signifi-
cant constituent in the Grande Ronde unit, and no mea-
sured concentrations were larger than 2.0 mg/L. This is
probably because in the areas with intensive irrigation,
the Grande Ronde unit is generally overlain by thick
layers of the other basalts and, thus, the water chemis-
try in the Grande Ronde unit is not affected by irriga-
tion.

GEOCHEMICAL MODEL

The chemical composition of water in the aquifer
system depends on the composition and relative solu-
bility of the rocks through which the water flows, the
chemical composition of the recharge water, and the
residence time of the water in the aquifer system. Solute
concentrations also are influenced by the hydrologic
processes occurring in the system. These aspects were
investigated by Steinkampf and Hearn (1996) and are
briefly summarized below.

Rocks of the Columbia River Basalt Group consist
primarily of labradorite (plagioclase feldspar), augite
(pyroxene), and opaque metal oxides (commonly tita-
nomagnetite) in a matrix of volcanic glass and cryptoc-
rystalline material. The most common accessory
minerals are apatite, olivine, and metallic sulfides.
These are present in varying and minor amounts as
intergrown and isolated crystals. The most abundant
secondary minerals are a nontronitic smectite, quartz,
clinoptilolite, and iron oxyhydroxides (Ames, 1980;
Benson and Teague, 1982; Hearn and others, 1985). The
Grande Ronde, Wanapum, and Saddle Mountains
Basalts are compositionally distinct, and individual
flows within these units also can have distinct mineral
compositions. On the basis of bulk compositions, Swan-
son and Wright (1978) described eight chemical types of
basalt in the northern part of the plateau.

The primary means by which solutes are added to
ground water in the basalt are dissolution of rock by
weakly acidic recharge waters and dissolution by sili-
cate hydrolysis. The presence of a soil zone in the
recharge area increases the dissolution capacity of the
recharging water by carbon-dioxide generation. Carbon
dioxide is formed by the microbial oxidation of organic
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carbon and dissolves to carbonic acid. In areas devoid
of a soil zone or vegetative cover, and in the semicon-
fined to confined aquifers where little or no oxygen pen-
etrates from the atmosphere, carbonic acid usually is
not generated. In such areas, silicate hydrolysis is the
dominant dissolution process. Volcanic glass, a major
component of the Columbia River Basalt, is the most
reactive mineral. In decreasing order, cryptocrystalline
intergrowths, olivine, pyroxene, and feldspar are the
next most reactive.

The most abundant solutes added to ground water
by dissolution of the basalt are calcium, magnesium,
iron, sodium, potassium, silica, sulfate, chloride, fluo-
ride, and bicarbonate. Dissolution of minerals by car-
bonic acid increases the concentrations of all of those
constituents and also increases ground-water pH. Sili-
cate hydrolysis also increases the concentrations of sol-
utes, and, because the hydroxyl ion is produced in the
reaction, increases pH even more than does acidic dis-
solution. Increasing ground-water pH eventually
exceeds the stability limits of calcium carbonate, which
can then precipitate calcite from solution, lowering cal-
cium and magnesium levels and contributing to
decreased iron concentrations, effectively buffering the
ground-water pH. Sodium and potassium are dissolved
faster than they are removed. As dissolved sodium,
potassium, and silica concentrations increase, the
ground water eventually becomes supersaturated with
clinoptilolite. Clinoptilolite, which incorporates dis-
solved sodium and potassium, then precipitates, conse-
quently limiting the concentrations of sodium and
potassium in the basalts.

Dissolved-silica concentrations are large in ground
water from basalt because of the readily dissolved
glassy material present. Silica levels are limited by the
solubility of amorphous or opaline silica. The relatively
large silica concentrations buffer the pH of the water,
limiting the increase from the hydrolysis reaction to a
pH of about 9.5.

Sulfate in ground water in the basalt has three likely
sources. The first is the dissolution of accessory metallic
sulfide minerals, such as pyrite, in the presence of dis-
solved oxygen. The second is the dissolution of anhy-
drite or gypsum from sedimentary interbeds
interlayered with the basalt. Sulfate minerals in the
interbeds are likely to be of either eolian or evaporative
(caliche) origin. The third source is agricultural chemi-
cals present in ground-water recharge. Sulfide has been
found in some ground-water samples from the plateau,
and is probably derived from the microbial reduction of
dissolved sulfate.

Trace elements in the ground water also are derived
from the weathering of minerals composing the rock
matrix. The concentration of a trace element in solution
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depends upon a variety of factors, many of which are
difficult to quantify in natural systems. Concentrations
of some elements are controlled by the chemical charac-
teristics of the ground water, whereas concentrations of
others are a function of their availability in the basaltic
rock. For example, the concentrations of barium, cal-
cium, fluorine, and iron are likely controlled by the
chemical characteristics of the water and the solubilities
of relevant secondary minerals such as barite, calcite,
fluorite, and iron oxyhydroxides. In contrast, elements
such as lithium, strontium, and boron (that increase in
concentration with increasing total concentration of dis-
solved solids) are usually controlled by availability of
the element in the rock.
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